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Abstract: Singlet fission is a desired process in photovoltaics since it enhances photoelectric con-
version efficiency. Intramolecular singlet fission is of special interest as the fission efficiency can be
improved through tuning configurations between chromophore units that are covalently connected.
However, intramolecular singlet fission chromophores feature a large tetraradical character, and may
tend to dissatisfy the E(T2) > 2E(T1) criterion for all singlet fission chromophores, intramolecular or
not. We performed spin-flip time-dependent density functional theory calculations for a collection of
representative intramolecular singlet fission chromophores to show that this is indeed the case.

Keywords: singlet fission; triplet fusion; pseudo-Jahn–Teller interaction; spin-flip time-dependent
density functional theory

1. Introduction

When one chromophore absorbs a photon and becomes excited to a singlet excited
state, it may quickly relax to the lowest singlet state (S1), share the excitation energy with
another chromophore in ground state (S0), and generate a pair of lowest triplet states T1
on the two chromophores. Such a S1S0 →1 (T1T1) → T1 + T1 singlet fission (SF) process
generates two long-lived triplet excitons on the absorption of one photon [1–3]. The number
doubling and lifetime elongation of the excitons lead to a higher photoelectric conversion
efficiency. SF has the potential to increase the photoelectric conversion efficiency to exceed
the Shockley-Queisser limit [4] of ∼30% of a single-junction photovoltaic device and reach
∼45% [5,6].

SF was first observed and most intensely investigated in crystals of chromophore
molecules [7–11]. When the two chromophore units are covalently connected, i.e., SF
occurs within one molecule, the multi-exciton generation is called intramolecular singlet
fission (iSF), and the molecule that contains several chromophore units is called an iSF
chromophore. The efficiency of SF is highly dependent on the configuration between the
chromophore units that participate in the process. ISF is of special interest since there are
more chemical handles to effectively tune the inter-chromophore configuration when the
chromophore units are covalently connected. Research in iSF has thrived for more than a
decade [12–43].

In general, SF chromophores, intramolecular or not, are anticipated to satisfy three
criteria for the energies of their low-lying excited states:

E(S1) > 2E(T1); (1)

E(T2) > 2E(T1); (2)

E(Q1) > 2E(T1). (3)
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Throughout this work, all excitation energies are minimum-to-minimum excitation
energies, unless further specified. Equation (1) guarantees a thermodynamically favorable
S1S0 →1 (T1T1) SF, Equation (2) implies a thermodynamically unfavorable 3(T1T1) → T2S0
triplet fusion (TF), and Equation (3) implies a thermodynamically unfavorable 5(T1T1) →
Q1S0 triplet-pair concentration (TC) from residing on two chromophores to residing on the
same chromophore in the lowest quintet state (Q1). The three inequalities correspond to
the three total spins of singlet, triplet, and quintet that a pair of triplets can be coupled to,
and the total spin multiplicities are denoted by the superscripts 1, 3, 5 addressed to the T1T1
triplet-pair states, while the electronic spin of chromophore monomers are indicated by the
Sn, Tn, and Qn labels of their states, with n indicating the energy ordering. n = 0 is used only
for the S0 ground state. The SF, TF, and TC are formally internal conversions that conserve
the total electronic spins. After SF, ideally, the 1(T1T1) state undergoes spin decoherence to
generate two uncoupled triplet excitons that are spatially separated [44]. When the free
triplet excitons encounter, they may undergo TC and TF. TC is detrimental since it reduces
the mobility of the triplet excitons, although it does not annihilate them. TF is even more
detrimental since it halves the number of triplet excitons. The 3(T1T1) → T2S0 fusion is
formally an internal conversion within the triplet spin manifold. The spin conservation
implies that it can occur efficiently, especially when there is a thermodynamics driving
force. The 1,5(T1T1) → T2S0 fusions may also occur. However, with the non-conservation of
the total electronic spin, they are supposed to occur less efficiently. Therefore, throughout
this work, “triplet fusion” and its abbreviation“TF” are reserved for the spin-conserved
3(T1T1) → T2S0 fusion, unless further specified.

For most realistic molecules, we can safely assume that they satisfy Equation (3). This
is because Q1 often involves simultaneous HOMO-to-LUMO and HOMO−1-to-LUMO+1
spin-flipped excitations, while T1 is usually dominated by HOMO-to-LUMO spin-flipped
excitation. The larger HOMO−1-to-LUMO+1 energy gap vs. the HOMO-to-LUMO gap
suggests E(Q1)− E(T1) > E(T1), i.e., the satisfaction of Equation (3). The satisfaction of
Equation (1) is determined by the diradical character of a molecule [45–56]. T1 is the lowest-
energy diradical state of a chromophore, while S0 usually consists of a mixture of closed-
shell character and singlet open-shell diradical character. The larger the diradical character,
the less alternation of the S0 electronic structure to reach the purely diradical T1 state,
and thus the lower E(T1). The satisfaction of Equation (2) is determined by the tetraradical
character of a molecule. A large tetraradical character implies that the S0 state features
substantial simultaneous contributions from two diradical valence bond structures [57],
thus the easiness to alternate the S0 electronic structure to reach the second-lowest-lying
pure diradical state T2, thus a low E(T2), and thus the dissatisfaction of Equation (2).
Therefore, SF chromophores shall feature large diradical character to satisfy Equation (1)
and low tetraradical character to satisfy Equation (2). These selective requirements on
polyradical characters make the searches/designs of SF chromophores a task of finding
needles in a haystack [58].

The requirement of low tetraradical character, however, appears to be unsatisfiable to
iSF chromophores. With the SF occurs within one molecule, the S1 of an iSF chromophore
shall contain a pair of triplet states, one on each of the covalently connected chromophore
units, i.e., a pure tetraradical S1. Only with a large tetraradical character in its S0 can a
molecule have a pure tetraradical S1. In other words, each of the covalently connected
chromophore units shall feature a large diradical character so that iSF is thermodynamically
favorable. Consequently, an iSF chromophore with two such diradicaloid chromophore
units must feature a significant tetraradical character. If the two chromophore units are
symmetrically connected, one of the T1 and T2 states of an iSF chromophore shall be a
symmetric combination of the two T1 states on the two chromophoric units, while the other
is an antisymmetric combination. The combination with a bonding interaction gives T1
while the other with an antibonding interaction gives T2. Such an inter-chromophoric-units
interaction cannot be large; otherwise, it impairs the diradical character of each of the
chromophoric units and hence impairs the tetraradical character in of the iSF chromophore,
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and lessens the thermodynamics favorability for iSF. Therefore, for an iSF chromophore,
the T1–T2 gap shall be small, so that Equation (2) is not satisfied, and when two iSF
chromophores, each of which bears a T1 exciton, collide, the 3(T1T1) → T2S0 triplet fusion
is thermodynamically viable.

Overall, there is an intrinsic incompatibility between the requirement of large tetrarad-
ical character and the requirement of satisfying Equation (2) for iSF chromophores. Such an
incompatibility, despite the straightforward argument above to reach it, has rarely been
mentioned in the literature. This fact motivated the present survey study: we calculated
E(T1)s and E(T2)s for a collection of representative iSF chromophores, and show that they
all fail to satisfy Equation (2).

2. Computational Details

ISF chromophores that have been experimentally investigated are summarized in a
recent review article by Koroniva et al. [59]. This work is referred to as “the review article”
henceforth. We selected a bunch of pentacene-based chromophores listed in Table 1 of the
review article to calculate their E(T1)s and E(T2)s. All the iSF chromophores consist of two
pentacene-based chromophore units that are symmetrically connected, either directly or
through a linker. They all have C2 or Ci symmetry, under which T1 and T2 transform as
A or B, or Ag or Au irreducible representations (IRREPs). For each iSF chromophore, five
calculations were performed: (1)–(3) structural optimizations for S0, T1, and T2 preserving
the symmetry of the chromophore; (4) structural optimization for T1 without symmetry
constraint; (5) calculation of non-adiabatic coupling matrix element (NACME) between T1
and T2 at the T2-optimized structure. Energies of the optimized structures are used to cal-
culate the excitation energies. The anticipated close-lying T1 and T2 are expected to induce
a substantial pseudo-Jahn–Teller (pJT) interaction [60,61], which distorts the T1 structure to
C1 symmetry (i.e., no symmetry) and localizes the T1 exciton on one chromophoric unit.
The difference between E(T1)s obtained in symmetry-constrained and symmetry-broken
optimizations, i.e., the reorganization energy due to symmetry breaking, indicates the
strength of the pJT interaction. The pJT interaction on the other hand results in a minimum
of the T2 potential energy surface that preserves the symmetry, and a delocalized T2 of
an antibonding combination of the T1 excitons localized on the two chromophoric units.
The absolute value of the calculated NACME indicates the propensity for the T2-to-T1 non-
adiabatic transition, i.e., whether T2 can stably exist. We do not need to consider T3, since
T3 of an iSF chromophore is a triplet-pair state, just like Q1. Therefore, 3(T1T1) → T3S0 is
also a TC process, without annihilating a triplet exciton. Other triplet states (Tn≥4) shall
have high enough energies to satisfy E(Tn) > 2E(T1) and are hence not considered.

All S0 calculations were performed at the regular density functional theory (DFT)
level, and all T1 and T2 calculations were performed at the spin-flip time-dependent density
functional theory (SF-TDDFT) level, [62] using the BHHLYP functional [63,64] and the
cc-pVDZ basis set [65,66]. In the SF-TDDFT calculations of T1 and T2, the same Q1 reference
state was used, so that the two triplet states are treated on the same footing. The

〈
Ŝ2〉 values

were monitored in all our SF-TDDFT T1 and T2 calculations, and they are all less than 2.3,
close to the ideal value of 2, i.e., the SF-TDDFT calculations did not suffer substantial spin
contamination. Since the calculation of NACME requires a better description of wave
functions of the coupled states, the more accurate cc-pVTZ basis set [65,66] was used. All
calculations were performed using the 5.0.1 version of the ORCA program package [67].

3. Results and Discussion

The following 19 iSF chromophores in Table 1 of the review article were considered
in the present work: 1a, 1b, 1c (abbreviated as 1a–c), 2a–c, 3d–h, 4a, 5a,d, 6a, 8a, and 9a,b.
In all the iSF chromophores in Table 1 of the review, the pentacene chromophoric units
are spatially separated and are unlikely to have through-space coupling. Therefore, we
preferably selected those that are more likely to have through-bond interaction between the
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two chromophore units, and are hence more likely to have larger T1–T2 gaps. Still, as the
results shown below, the gaps are all close to zero.

The structures of 1a–c, 2a–c, and their calculated results are summarized in Figure 1.
Throughout this work, structure labels with the same numeric index indicate structures
that share the same chromophoric units, while the letter indices indicate different linkers
or different connections to the same linker. All groups connected to Si were simplified by
H atoms to reduce computational costs. Those groups were introduced in experiments to
increase solubility of the chromophores in organic solvents. They are spatially far from
the pentacene framework and therefore, the simplification shall not lower the accuracy in
simulating the triplet states that mainly consist of T1 excitons on the pentacene frameworks.
With this simplification, the chromophore units in the chromophores with numeric indices
1 and 2 are identical, and so are those with the numeric indices 3, 5, 6, 8, and 9. Following
the same logic, the C6H13 group on the N atoms in 2c are also simplified as H atoms.
E(T1, A), E(T2, B), etc., those addressed with irreducible representations, are the energies
of the triplet states obtained with symmetry-constrained optimizations. As mentioned
above, these T2 structures are minima on the T2 potential energy surfaces and the E(T2, B)
etc. are used to calculate E(T2) − 2E(T1). On the other hand, these high-symmetry T1
structures are saddle points on the T1 potential energy surfaces. E(T1) indicates the energy
of the T1 minimum obtained without symmetry constraint. This E(T1) without irreducible
representations is used to calculate E(T2)− 2E(T1). The further lowering of E(T1) from
E(T1, A), etc., enhances the propensity to satisfy E(T2) > 2E(T1).

Si(iBu)3

1

1a

1b

1c

E(T1, B): 0.6936
E(T2, A): 0.7186
E(T1): 0.5774
E(T2) — 2E(T1) = —0.4361
NACME: 1.67

E(T1, A): 0.7665
E(T2, B): 0.7668
E(T1): 0.6386
E(T2) — 2E(T1) = —0.5103
NACME: 1.53

E(T1, B): 0.6930
E(T2, A): 0.7146
E(T1): 0.5748
E(T2) — 2E(T1) = —0.4350
NACME: 0.77

Si(iPr)3

2

2a

2b

2c

E(T1, A): 0.6937
E(T2, B): 0.6962
E(T1): 0.5661
E(T2) — 2E(T1) = —0.4359
NACME: 1.46

E(T1, A): 0.6787
E(T2, B): 0.6793
E(T1): 0.5581
E(T2) — 2E(T1) = —0.4368
NACME: 0.97

E(T1, B): 0.6878
E(T2, A): 0.6908
E(T1): 0.5683
E(T2) — 2E(T1) = —0.4459
NACME: 0.79

Si(iPr)3(iPr)3Si

N

N

C6H13

C6H13

O

O

Figure 1. Structures of 1a–c, 2a–c, and their calculated results. The energy quantities are given in
eV. The absolute values of non-adiabatic coupling matrix elements (NACME) are given in atomic unit.

The calculated results summarized in Figure 1 clearly show that all the six iSF chro-
mophores based on chromophoric units 1 and 2 feature negative E(T2)− 2E(T1) values.
T1 and T2 are almost degenerate if their respective optimizations were performed under
symmetry constraints. We have to keep four digits after the decimal point for those E(T1)
and E(T2) values to show their differences. The weak couplings between the T1 excitons
on the two chromophoric units in each of the iSF chromophores are evident. The pseudo-
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degeneracy between T1 and T2 at high symmetry results in substantial pJT interactions for
all the chromophores, leading to ∼0.15 eV energy lowering of E(T1) when the symmetry
constraints are alleviated. Structural optimizations for T2 without symmetry constraints led
to the same high symmetry configurations, confirming that the structures obtained with
symmetry constraints are true minima of the T2 potential energy surfaces. Even with the
∼0.15 eV lowering of E(T1), all the six iSF chromophores in Figure 1 feature substantially
negative E(T2)− 2E(T1) values, which are highlighted in red.

The small T1–T2 gaps at the C2 optimized structures of the chromophores suggest
substantial non-adiabatic couplings between the two triplet states. We calculated the non-
adiabatic coupling matrix elements between T1 and T2 at the T2-optimized structures of the
six chromophores. The absolute values of those vectors are presented in Figure 1. They are
all substantial, ranging from 0.77 to 1.67 atomic units (a.u.). The calculated results of 1a–c
and 2a–c clearly indicate the thermodynamic driving force for their 3(T1T1) → T2S0 triplet
fusions, and the likelihood of the subsequent rapid T2 → T1 decays. The net outcome of
the two subsequent processes is the 3(T1T1) → T1S0 annihilation of one T1 exciton.

The structures of the other considered iSF chromophores and their calculated results
are presented in Figures 2 and 3. The results are qualitatively similar to those in Figure 1.
This is reasonable since the same logic applies. We do not need to discuss the results of
those iSF chromophores one by one. The least negative E(T2)− 2E(T1) = −0.1536 eV is
obtained for 3h. It arises from the largest pJT-induced T1 reorganization of 0.2761 eV among
all investigated chromophores. Overall, the results are as expected.

Si(iPr)3

Si(iPr)3

3

3a

3d

3e

3f

3g

3h

E(T1, B): 0.7121
E(T2, A): 0.7407
E(T1): 0.5996
E(T2) — 2E(T1) = —0.4586
NACME: 1.79

E(T1, B): 0.7462
E(T2, A): 0.8030
E(T1): 0.6173
E(T2) — 2E(T1) = —0.4316
NACME: 1.43

E(T1, B): 0.7144
E(T2, A): 0.7184
E(T1): 0.6100
E(T2) — 2E(T1) = —0.5016
NACME: 1.49

E(T1, B): 0.7208
E(T2, A): 0.7221
E(T1): 0.5951
E(T2) — 2E(T1) = —0.4682
NACME: 1.33

E(T1, B): 0.7136
E(T2, A): 0.7138
E(T1): 0.5831
E(T2) — 2E(T1) = —0.4524
NACME: 1.00

E(T1, Au): 0.7058
E(T2, Ag): 0.7060
E(T1): 0.4297
E(T2) — 2E(T1) = —0.1536
NACME: 1.08

Si(iPr)3

Si(iPr)3

4

4a
E(T1, B): 0.7267
E(T2, A): 0.7492
E(T1): 0.5833
E(T2) — 2E(T1) = —0.4175
NACME: 0.93

Figure 2. Structures of 3a,d–h, 4a, and their calculated results. The energy quantities are given in
eV. The absolute values of non-adiabatic coupling matrix elements (NACME) are given in atomic unit.
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Si(iPr)3

Si(iPr)3

5

5a

5d E(T1, A): 0.6972
E(T2, B): 0.7038
E(T1): 0.5760
E(T2) — 2E(T1) = —0.4482
NACME: 1.63

NODIPS

NODIPS

6

6a

8

Si(iPr)3

8a

N

N

N

N

9

SiR3

SiR3

9a

9b

E(T1, A): 0.7809
E(T2, B): 0.7862
E(T1): 0.7684
E(T2) — 2E(T1) = —0.7506
NACME: 1.28

E(T1, B): 0.7164
E(T2, A): 0.7168
E(T1): 0.5902
E(T2) — 2E(T1) = —0.4639
NACME: 0.88

E(T1, B): 0.7978
E(T2, A): 0.7982
E(T1): 0.6555
E(T2) — 2E(T1) = —0.5128
NACME: 3.14

E(T1, B): 0.7726
E(T2, A): 0.7729
E(T1): 0.6079
E(T2) — 2E(T1) = —0.4429
NACME: 1.29

E(T1, B): 0.7739
E(T2, A): 0.7741
E(T1): 0.6231
E(T2) — 2E(T1) = —0.4721
NACME: 1.03

Figure 3. Structures of 5a,d, 6a, 8a, 9a,b, and their calculated results. The energy quantities are
given in eV. The absolute values of non-adiabatic coupling matrix elements (NACME) are given in
atomic unit.

Despite the thermodynamics driving force, the 3(T1T1) → T2S0 fusion may not occur
efficiently due to kinetics hindrance. The first atomistic quantum dynamics simulation for
TF has been recently reported [68]. This study clearly showed that, under its veil of internal
conversion, the fusion essentially consists of a T1 → S0 intersystem crossing and a concerted
T1 → T2 internal conversion. The hidden T1 → S0 intersystem crossing occurs slowly
when the chromophore does not contain heavy elements that lead to substantial spin–orbit
coupling [69–77], and/or when the relevant excited states only involve π → π∗ excitations,
so that intersystem crossing is quenched by El Sayed’s Rule [78–80]. Most organic iSF
chromophores indeed have these two features, and therefore, TF should not occur rapidly.
Actually, realizing the hidden intersystem crossing in TF, the authors of [68] pointed out
that TF should occur with a similar time scale as the T1 → S0 decay, and therefore, we may
not need to worry about TF for two reasons: (1) if the T1 → S0 decay occurs efficiently,
then there will be no T1 excitons to undergo TF; (2) if the decay occurs slowly, then the
TF also occurs slowly. A main conclusion in [68] is that the criterion in Equation (2) shall
not be viewed as likewise important as the criterion in Equation (1). More efforts shall
be dedicated to harvest the SF-generated triplet excitons before they decay to ground
state, instead of preventing their fusion within the triplet manifold of the total electronic
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spin. Also, the same T1 → S0 intersystem crossing is hidden in 1,3,5(T1T1) → T2S0 fusions.
Therefore, we shall not think of the 3(T1T1) → T2S0 fusion occurring faster than the
other two.

4. Conclusions

In this work, we performed spin-flip time-dependent density functional theory calcu-
lations for 19 representative intramolecular singlet fission chromophores to evaluate their
T1 and T2 energies. The results show that all the chromophores dissatisfy E(T2) > 2E(T1).
Considering the representativity of the sampled chromophores, we can safely concluded
that all intramolecular singlet fission chromophores fail to satisfy E(T2) > 2E(T1), which
is a thermodynamic requirement imposed onto all singlet fission chromophores, intra- or
intermolecular. The reason underlying the E(T2) < 2E(T1) relation for intramolecular
singlet fission chromophores is straightforward to understand, and is presented in the Intro-
duction section: there is an intrinsic incompatibility between the high tetraradical character
of intramolecular singlet fission chromophores and the satisfaction of E(T2) > 2E(T1). This
computational chemistry study provides the first comprehensive survey that confirms this
general relation between E(T1) and E(T2) of intramolecular singlet fission chromophores.
We hope that this relation and the intrinsic incompatibility will be widely recognized in
the field of singlet fission research. Such a wide recognition is certainly not the case yet. It
should be emphasized that while the 3(T1T1) → T2S0 triplet fusion is thermodynamically
favorable for all intramolecular singlet fission chromophores, the fusion may be kinetically
hindered. For more discussion of the kinetic hindrance, we refer the readers to a recent
paper [68], which is dedicated to this subject.
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